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GST-NS1 purified from Escherichia coli and insect cells binds double-strand DNA in an (ACCA)2–3-dependent fashion under
similar ionic conditions, independent of the presence of anti-NS1 antisera or exogenously supplied ATP and interacts with
single-strand DNA and RNA in a sequence-independent manner. An amino-terminal domain (amino acids 1–275) of NS1
[GST-NS1(1–275)], representing 41% of the full-length NS1 molecule, includes a domain that binds double-strand DNA in a
sequence-specific manner at levels comparable to full-length GST-NS1, as well as single-strand DNA and RNA in a
sequence-independent manner. The deletion of 15 additional amino-terminal amino acids yielded a molecule [GST-NS1(1–275)]
that maintained (ACCA)2–3-specific double-strand DNA binding; however, this molecule was more sensitive to increasing ionic
conditions than full-length GST-NS1 and GST-NS1(1–275) and could not be demonstrated to bind single-strand nucleic acids.
A quantitative filter binding assay showed that E. coli- and baculovirus-expressed GST-NS1 and E. coli GST-NS1(1–275)
specifically bound double-strand DNA with similar equilibrium kinetics [as measured by their apparent equilibrium DNA
binding constants (KD)], whereas GST-NS1(16–275) bound 4- to 8-fold less well. © 1998 Academic Press
INTRODUCTION
The autonomous parvovirus minute virus of mice
(MVM) is organized into two overlapping transcription
units with promoters at map units 4 and 38 that generate
mRNAs encoding the viral nonstructural and capsid pro-
teins, respectively. The two nonstructural polypeptides,
NS1 and NS2, are generated from mRNAs R1 and R2,
which result from alternative splicing of P4-generated
pre-mRNA (for a review, see Cotmore and Tattersall,
1987). Although the role of NS2 during infection is less
well understood, NS1 has been extensively character-
ized. NS1 is an 83-kDa nuclear phosphoprotein that is
required for replication of the MVM genome and for the
generation of high levels of expression from P38 (for
reviews, see Cotmore and Tattersall, 1987, 1995;
Vanacker and Rommelaere, 1995). The biochemical
properties of NS1 that have so far been identified include
the ability to bind and hydrolyze ATP (Nu¨esch et al., 1992;
Wilson et al., 1991), to unwind DNA (Nu¨esch et al., 1992;
Wilson et al., 1991), to bind and nick DNA in a sequence-
specific fashion (Cotmore et al., 1995, 1992, 1993; Cot-
more and Tattersall, 1992, 1995), to form homo-oligomers
(Nu¨esch and Tattersall, 1993; Pujol et al., 1997), and to
interact with several cellular proteins, including SP1
(Krady and Ward, 1995; Lorson et al., 1998), TBP and
TFIIA (Lorson et al., 1998), and SGT (Cziepluch et al.,
1998).
Many of the biological functions of NS1 have been
shown to be dependent on the ability of NS1 to bind DNA
in a sequence-specific fashion (Christensen et al., 1995;
Cotmore et al., 1992, 1993, 1995; Cotmore and Tattersall,
1992; Lorson et al., 1996). Cotmore and colleagues
(Christensen et al., 1995; Cotmore et al., 1995) identified
a canonical (ACCA)2–3 motif as the favored double-strand
DNA binding site for NS1. This sequence exists at mul-
tiple positions throughout the MVM genome, including
the transactivation-response region (TAR) of P38 and the
viral origins of replication where NS1-mediated DNA
nicking occurs (Bodnar, 1988; Cotmore et al., 1995).
Many of the proteins generated by small DNA viruses
that have been shown to be involved in replication or
transactivation of their respective genomes exhibit se-
quence-specific DNA binding properties, many as fusion
proteins expressed in Escherichia coli (Joo et al., 1997;
Lorimer et al., 1991; Smith et al., 1997; Weitzman et al.,
1996). The minimal DNA binding domain of the SV40
large T-antigen was determined in this manner: a 129-
amino-acid polypeptide (18% of the wild-type molecule),
corresponding to large T-antigen amino acids 131–260
was shown to be competent for specific binding to the
SV40 origin of replication (Joo et al., 1997). In this report,
we used a GST-NS1 fusion protein generated in both
baculovirus and E. coli expression systems to further
characterize the nucleic acid-binding properties of NS1.
We identified a domain of NS1, representing the amino-
terminal 41% of the molecule [GST-NS1(1–275)], which,
when fused to GST, binds (ACCA)2–3-containing double-
strand DNA indistinguishably from wild-type GST-NS1. In
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FIG. 1. (A) GST-NS1 specifically interacts with (ACCA)2–3-containing double-strand DNA in vitro. GST pull-down assays were performed in 150 mM
NaCl binding buffer A as described under Materials and Methods. Binding substrate DNA bands labeled A and D contain the (ACCA)2–3 NS1
recognition motif of the MVM TAR and small intron, respectively. Bands B and C lack canonical NS1 binding sites. p, Band is radiolabeled pUC 19
vector DNA. Lanes 2 and 3 show DNA fragments copurifying with 1 mg of bead-associated E. coli-expressed GST alone (lane 2) or GST-NS1 (lane
3) after incubation with 40 ng (40 fmol) of labeled DNA binding substrate (lane 1 represents 20% input DNA). (B) GST-NS1 binds double-strand DNA
specifically in the absence of exogenous ATP. GST pull-down assays were performed as in panel A in the presence or absence of 0.5 mM ATP and
ligated competitor oligonucleotide homologous to MVM nucleotides 1840–1899, as indicated. Bands A–D correspond to those described above in
panel A. Lane 1 represents 20% of input DNA binding substrate. Lane 2 shows 5% input end-labeled ligated competitor oligonucleotides. DNA
fragments copurifying with GST-NS1 in the presence (lanes 3 and 4) or absence (lane 5) of exogenously added ATP are shown. Addition of 50-fold
molar excess ligated competitor oligonucleotides subsequent to GST-NS1 DNA incubation is shown in lane 6. Similar levels of unligated
(ACCA)2–3-containing oligonucleotide showed no competition. A GST pull-down assay with the GST-NS1(K405S) NTP-binding motif mutation is
demonstrated in lane 7. (C) E. coli- and baculovirus-expressed GST-NS1 bind DNA specifically over a similar ionic range. Bands A–D correspond to
those described above. (Left) GST pull-down assay with E. coli-generated GST-NS1. (Right) GST pull-down assay with baculovirus-generated GST-NS1.
In each case, lane 1 represents 20% of input DNA binding substrate, and additional lane headings indicate the binding buffer NaCl concentration used
for each DNA binding sample. (D) Full-length GST-NS1 and GST-NS1(1–275) bind single-strand DNA. GST pull-down assays were performed as
described in panel A using the end-labeled top strand oligodeoxynucleotide (MVM nucleotides 1840–1899) as described under Materials and
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addition, we identified a slightly smaller region repre-
senting 38% of the NS1 molecule [GST-NS1(16–275)],
which includes a domain that maintains sequence-spe-
cific DNA binding properties, although at a somewhat
lower equilibrium affinity than full-length GST-NS1 and
GST-NS1(1–275). Full-length GST-NS1 also binds single-
strand DNA and RNA in a sequence-independent man-
ner under physiological ionic conditions. Filter binding
assays show that the specific double-strand DNA inter-
actions of full-length GST-NS1 expressed in E. coli and
insect cells occur over a similar kinetic range.
RESULTS AND DISCUSSION
GST-NS1 binds nucleic acids in the absence of exog-
enously added ATP or antibody mediated crosslinking.
Previous analysis demonstrated that NS1 purified from
MVM-infected murine cells and from insect cells infected
with recombinant NS1-generating baculovirus interacted
poorly with DNA; however, antibody directed against
NS1 or addition of 0.5 mM exogenous ATP enhanced the
ability of these molecules to bind (ACCA)2–3-containing
double-strand DNA (Christensen et al., 1995; Cotmore et
al., 1995). These observations implied that either an
antibody- or ATP-mediated conformational change facil-
itated DNA binding or that purified NS1 in solution was
not in a proper oligomerization state to bind DNA. This
suggested further that the identification of a minimal
DNA binding domain of NS1 by conventional means
would be difficult. To identify the minimal domain of NS1
sufficient for specific DNA binding, we used an E. coli-
derived GST-NS1 fusion protein that we previously re-
ported (Lorson et al., 1996). This protein, coupled to
agarose beads, could be shown to bind MVM DNA in a
sequence-specific fashion (Fig. 1A),independently of an-
tibody-mediated crosslinking or increased levels of ATP
(Fig. 1B) yet was sensitive to specific competition with
ligated (ACCA)-containing oligonucleotides (Fig. 1B).
These results suggested that this reagent would be use-
ful in determining the minimal NS1 DNA-binding domain.
We suspect that the addition of an amino-terminal GST
moiety and agarose bead to NS1 may confer specific
DNA binding either by increasing the local concentration
of NS1, by inducing a “false oligomerization” state (GST
has been demonstrated to form homodimers; Lim et al.,
1994), or by shifting NS1 into an “active” DNA binding
conformation. GST alone and a GST-NS2 fusion protein
that shares 85 identical amino-terminal amino acids with
NS1 demonstrated no DNA interactions under identical
conditions (Fig. 1A and data not shown).
The specific DNA binding of E. coli-generated GST-
NS1 was stable to 150–200 mM NaCl (Fig. 1C). GST-NS1
generated in insect cells from a recombinant baculovirus
exhibited a binding profile in the presence of an increas-
ing ionic concentration gradient similar to that seen for E.
coli GST-NS1 (Fig. 1C). These results suggested that
modified and unmodified GST-NS1 molecules are simi-
larly competent for specific interaction with double-
strand DNA in vitro. It remains likely, however, that the
native NS1 molecule may require posttranslational mod-
ifications to adopt a fully competent DNA binding state in
vivo (see below).
E. coli-generated GST-NS1 eluted from glutathione
agarose beads or NS1 cleaved from the GST moiety with
thrombin failed to efficiently bind double-strand DNA in
the absence of anti-NS1 antibody as measured by filter
binding assay similar to those described below (data not
shown). These results were consistent with the notion
that native NS1 must adopt a conformational or oligomer-
ization-state change to specifically bind DNA. It may be
that this change is inhibited during the process of elution
or cleavage or, alternatively, by the eluant or cleavage
enzyme. GST-NS1 molecules eluted from glutathione
agarose beads remained competent for ATPase and he-
licase activities (data not shown), however, suggesting
that the additional conformational or oligomerization-
state changes required for specific DNA binding are not
necessary for these functions (compare with Dettwiler et
al., 1997). In addition, a GST-NS1 molecule bearing the
NTP-binding motif K405S mutation, which is deficient in
supporting MVM replication and transactivation of P38
(Jindal et al., 1994), was found to bind DNA indistinguish-
ably from wild-type NS1 in our assays (Fig. 1B, lane 7).
Previous DNA binding analysis of vaccinia virus-pro-
duced NS1 molecules demonstrated that the K405S NS1
mutant could bind the MVM origin of replication in a
sequence-dependent manner; however, this binding
could not be enhanced to wild-type binding levels by the
addition of exogenous ATP (Cotmore et al., 1995). The
results presented here show that GST-NS1(K405S) binds
DNA similarly to wild-type NS1, consistent with the notion
that the GST moiety fused to NS1 engages the molecule
in a fully DNA binding-competent state independent of
ATP concentration or presence of anti-NS1 antisera.
Beaded GST-NS1 also efficiently bound a 60-base sin-
Methods. Bands marked s.s. represent single-strand DNA. Lanes 1 and 2 show 5% input single-strand DNA and a control binding reaction performed
with GST alone, respectively. Single-strand DNA pull-down assays were performed at 125 and 175 mM NaCl for GST-NS1 (lanes 3 and 4) and
GST-NS1(1–275) (lanes 5 and 6, respectively) and 80 and 125 mM NaCl for GST-NS1(16–275) (lanes 7 and 8, respectively). (E) Full-length GST-NS1 and
GST-NS1(1–275) bind single-strand RNA. GST pull-down assays were performed with SP6 polymerase-generated RNA [MVM (1)-strand, nucleotides
1854–2378] as described under Materials and Methods. Bands marked s.s. represent heat-denatured and quick-cooled RNA as described under
Materials and Methods. Lane 1 shows 5% input RNA. Pull-down assays were performed at 125 and 175 mM NaCl for GST-NS1 (lanes 2 and 3,
respectively) and GST-NS1(1–275) (lanes 4 and 5, respectively).
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gle-strand oligodeoxynucleotide at 125 mM NaCl (Fig.
1D, lane 3). Single-strand oligodeoxynucleotides homol-
ogous to the top- and bottom-strand MVM P38 TAR and
a heterologous oligonucleotide containing three Gal 4
DNA binding sites were all bound by GST-NS1 with
similar efficiency (data not shown). Full-length beaded
GST-NS1 also bound an SP6-generated RNA in a se-
quence-independent manner at NaCl concentrations be-
tween 125 and 175 mM (Fig. 1E, lane 2). These results
demonstrate that in addition to a very specific interaction
with the cognate (ACCA)2–3 NS1 recognition motif, GST-
NS1 can nonspecifically engage single-strand nucleic
acids under physiological ionic conditions.
Identification of a minimal GST-NS1 double-strand
DNA binding domain. Because GST-NS1 bound DNA
specifically in the absence of anti-NS1 antibody or exog-
enous ATP and because a mutation within the NS1 NTP
binding domain did not prevent GST-NS1 from sequence-
specific DNA binding, it seemed likely that this system
would be amenable to deletion analysis designed to
identify the minimal domain of NS1 that specifically in-
teracts with DNA. Carboxyl-terminal deletions of NS1
were constructed by inserting a 15-base oligonucleotide
containing stop codons in all three reading frames into
the pGST-NS1 construct immediately after amino acid
positions 604, 275, and 218, and an additional NS1 trun-
cation was constructed after amino acid position 248
(Fig. 2A). These individual GST-NS1 mutants (which were
expressed at similar levels and exhibited similar stabili-
ties; data not shown) were expressed in E. coli and
purified to $90% homogeneity (as demonstrated with
Coomassie staining; data not shown), and equivalent
amounts were used in binding reactions similar to those
shown in Fig. 1A, performed at 150 mM NaCl. Carboxyl-
terminally truncated molecules GST-NS1(1–604) and GST-
NS1(1–275) bound (ACCA)2–3-containing double-strand
DNA specifically, similar to full-length GST-NS1 (see Fig.
2B for binding of GST-NS1(1–275)), whereas further dele-
tion of the NS1 molecule to amino acid 248 or 218
abrogated detectable DNA binding (Fig. 2A). Interest-
ingly, the carboxyl-terminal boundary (amino acid ;275)
of the DNA-binding competent molecule mapped very
close to a region of NS1 previously shown to participate
in NS1 homo-oligomerization (Pujol et al., 1997), consis-
tent with a role of NS1 multimerization in DNA binding.
Deletion mutagenesis revealed that the loss of as few
as 42 amino-terminal NS1 residues abrogated specific
double-strand DNA binding of GST-NS1. Because the
experiments described above demonstrated that amino
acids carboxyl terminal to residue 275 were dispensable
for DNA binding, further analysis of amino-terminal de-
letions of NS1 were performed in the context of a car-
boxyl-terminal NS1 truncation at amino acid 275. As seen
with the larger molecule, the extreme amino-terminal
region of NS1 appeared critical for specific double-
strand DNA binding. Deletion of the amino-terminal 42
amino acids disrupted binding of GST-NS1 truncated at
amino acid 275 as well; however, a molecule in which
only the amino-terminal 15 amino acids were deleted
retained specific, although reduced, DNA binding (Figs.
2A and 2B). This molecule GST-NS1(16–275), representing
38% of the NS1 full-length molecule, constituted the small-
est in vitro double-strand DNA-binding domain identified so
far. Point mutations at tyrosine residues within this region
have been previously shown to abrogate specific DNA
binding of full-length NS1 to the viral origin of replication
(Nu¨esch et al., 1995). In addition, a small internal deletion
FIG. 2. (A) Amino acids 16–275 represent the minimal specific DNA
binding domain of NS1. Various GST-NS1 fusion molecules described
in the text were constructed and expressed as described under Mate-
rials and Methods. The black bar represents amino acids that are
present in each construct. The results of double-strand DNA binding
analysis performed by GST pull-down assay as described under Ma-
terials and Methods are presented to the right. GST-NS1(16–275) binding
was performed at 80 mM NaCl, whereas all others were performed at
150 mM NaCl. (B) GST-NS1(16–275) binds DNA specifically but less
efficiently than GST-NS1(1–275). Bands A–D correspond to those de-
scribed in Fig. 1. Band Cp indicates a poorly end-labeled DNA binding
substrate. GST pull-down assays were performed over an increasing
ionic gradient using GST-NS1(1–275) (top) or GST-NS1(16–275) (bottom).
Lane markings indicate the NaCl concentration of binding buffer A
used for each sample. GST-NS1(16–275) autoradiograms (bottom) were
generated after 6-h (left-short) or 48-h (right-long) exposures.
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of 20 amino acids (GST-NS1D76–96) in this region also
eliminated binding of GST-NS1(16–275) (Fig. 2A). Specific
DNA binding of GST-NS1(16–275) required relatively low
NaCl concentrations compared with wild-type NS1 and
NS1(1–275), and binding was rapidly lost with increasing
ionic stringency (Fig. 2B). This reduction in binding at low
ionic strength suggested that a stimulatory or stabilizing
(but nonessential) function in DNA binding resides within
the deleted amino-terminal residues. A similar effect has
been shown for the sequence-specific DNA binding do-
main of bovine papillomavirus type 1 E2 protein for which
16 amino-terminal flanking amino acid residues were
shown to increase specific DNA binding of a minimal
binding domain up to 8-fold (Pepinsky et al., 1997). It is
unlikely that simply moving the true NS1 DNA binding
domain closer to the GST moiety as a result of amino
terminal deletion interfered with specific DNA binding
because the structure of the pentameric a-helical do-
main of GST allows a high degree of torsion and is
known to position fusion substrates away from the GST–
bead complex (Ji et al., 1992).
Although GST-NS1(1–275) could readily interact with sin-
gle-strand DNA and RNA in a sequence-independent
fashion (Figs. 1D and 1E), we were unable to detect such
interactions with GST-NS1(16–275) even under conditions
of significantly lower ionic strength (Fig. 1D and data not
shown). In perhaps an analogous situation, a region of
SV40 large T-antigen larger than that required for specific
interaction with double-strand DNA is necessary for ef-
ficient interactions with single-strand DNA (Joo et al.,
1997).
The minimal NS1 in vitro DNA binding domain that we
have identified requires, in addition to the GST moiety, a
region of NS1 that has been shown to influence self-
oligomerization. ATP and antibody crosslinking are re-
quired for DNA binding of the native NS1 molecule.
These observations together are consistent with a model in
which in vivo NS1 in the presence of ATP becomes com-
petent to bind DNA through an oligomerization event, as
has been proposed (Christensen et al., 1995; Cotmore et al.,
1995). This interaction might be expected to be unstable,
possibly due to rapid ATP hydrolysis, and only captured
with wild-type NS1 in vitro through antibody crosslinking of
complexes or by making ATP a nonlimiting cofactor. GST-
NS1 attached to agarose beads already exists in a DNA
binding-competent state regardless of the presence of ATP
and so facilitates identification of a minimal in vitro DNA
interaction domain.
In the absence of an amino-terminal GST moiety, SV40
early promoter-expressed NS1 deletions containing the
minimal DNA binding domain identified in vitro fused to
the VP16 activation domain at their carboxyl terminus
failed to transactivate in vivo a minimal promoter con-
struct whose expression was dependent on NS1 inter-
action with an authentic TAR NS1-binding site (data not
shown). Full-length NS1, however, exhibited high levels
of transactivation of this promoter. These results support
the notion that in the absence of amino-terminal GST, a
molecule of NS1 larger than the minimal binding domain,
is required for specific DNA binding in vivo.
GST-NS1 equilibrium binding constants. To quantify
the relative affinity of various GST-NS1 molecules for
(ACCA)2–3-containing double-strand DNA, we used a fil-
ter binding assay that measured the relative equilibrium
kinetics of these interactions (Imbalzano et al., 1994; Kim
et al., 1987). This assay, which is based on the premise
that protein-complexed DNA is retained on a nitrocellu-
lose filter while unbound linear DNA passes through, is
both sensitive and quantitative; however, interpretation
of experimental results is affected by nonspecific DNA–
protein interactions. For this reason, we chose to derive
relative equilibrium binding constants (KD) for the various
NS1 proteins at the NaCl concentrations that were de-
termined to maximize (ACCA)2–3-specific DNA binding for
each, as measured by GST pull-down assays identical to
those shown in Fig. 1. Therefore, our calculated results
give only a relative measure of specific DNA-binding
affinities of the NS1 fusion proteins. Kinetic studies of
baculovirus-generated GST-NS1 and E. coli-generated
GST-NS1, GST-NS1(1–275), and GST-NS1(16–275) were as-
sayed at 150, 175, 175, and 80 mM NaCl, respectively.
Although these experimental conditions were designed
to optimize the specificity of DNA interaction, they can
also cause a significant decrease in the total amount of
(ACCA)2–3 containing DNA bound (Figs. 1C and 2B). Bind-
ing experiments were performed with increasing con-
centrations of GST-NS1 proteins until a plateau of bound
input DNA was reached (Fig. 3). The relative KD, defined
as the concentration of active NS1 required to occupy
one half of the maximum bindable (ACCA)2–3-containing
fragments at limiting DNA concentrations and which
reflect the strength of the NS1–DNA interactions, were
3.2 3 1027 M, 1.3 3 1026 M, and 1.7 3 1027 M for E. coli
full-length GST-NS1 and GST-NS1(16–275) and baculovirus-
expressed GST-NS1, respectively (Fig. 3). GST-NS1(1–275)
exhibited an ionic stringency tolerance similar to full-
length GST-NS1 (Fig. 2B), and quantitative filter binding
assays measuring sequence-specific double-strand
DNA interactions were very similar to those of the full-
length molecule (data not shown). These binding constants
demonstrated that full-length GST-NS1 fusion proteins
from E. coli and insect cells bound (ACCA)2–3-containing
double-strand DNA with similar affinity, as would be
predicted from the similarities displayed in GST pull-
down assays over an ionic strength gradient (Fig. 1C),
and in addition, the amino-terminal 41% of NS1 bound
DNA with similar affinity to full-length. GST-NS1(16–275),
however, specifically bound double-strand DNA with re-
duced affinity as demonstrated by its higher apparent KD
(Fig. 3), consistent with its increased sensitivity to salt
concentration (Fig. 2B). Comparison between GST-NS1(1–275)
and GST-NS1(16–275) further suggested that although de-
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letion of 15 amino acids from the amino terminus of NS1
was tolerated for sequence-specific DNA interactions, it
significantly reduced the affinity of NS1 for DNA.
The quantitative filter binding assay further demon-
strated the relative levels of activity of the various NS1
fusion proteins. GST-NS1 purified from insect cells
bound $100% of (ACCA)2–3-containing input DNA, sug-
gesting that most if not all of the NS1 molecules are
active in DNA binding, whereas a much lower percent-
age of E. coli-derived GST-NS1 and GST-NS1(16–275) is
active (binding ;40% and 20% of (ACCA)2–3-containing
input DNA, respectively). Binding of DNA over 100% for
insect cell-derived GST-NS1 is probably due to residual
interactions with radiolabeled nonspecific DNA present
in the input DNA sample that occur in the presence of
high concentrations of active GST-NS1. One interpreta-
tion of this data is that although DNA binding competent
NS1 molecules purified from either insect cells or E. coli
are capable of binding DNA specifically with similar
avidity, those molecules that are isolated from insect
cells are more likely to be active for DNA binding. This
suggested that although posttranslational modifications
are nonessential for binding, they may play a role in the
conversion from an inactive state to an active DNA bind-
ing competent molecule. Alternatively, an increased pro-
portion of DNA binding competent molecules isolated
from insect cells may simply be the result of increased
solubility or correct folding of GST-NS1.
MATERIALS AND METHODS
Plasmid constructs
pGST-NS1. The plasmid pGST-NS1 has been de-
scribed previously (Lorson et al., 1996).
Carboxyl-terminal deletions of GST-NS1. To construct
pGST-NS1(1–604), pGST-NS1(1–275), and pGST-NS1(1–218),
an oligonucleotide containing translation termination
signals in all three reading frames was inserted into the
parent plasmid pGST-NS1, which was partially restricted
with either XhoI (nucleotide 2072), EcoRI (nucleotide
1086), or SpeI (nucleotide 915), respectively. To construct
pGST-NS1(1–248), pGST-NS1 was PCR amplified from a
created BamHI site at- MVM nucleotide 260 to MVM
nucleotide 1004 using a wild-type forward primer and a
mutagenic reverse primer that incorporated an in-frame
TGA stop codon at MVM nucleotide position 1004. The
mutant fragment was subcloned into pGEX-2TK.
Amino-terminal deletions of NS1. To create pGST-
NS1(42–672) and pGST-NS1(42–275), an EcoRV-to-EcoRI MVM
restriction fragment (nucleotides 385–3521 or 385–1086,
respectively) was ligated in-frame with GST into compatible
cohesive ends of the pGEX-3X (Pharmacia Biotech) bacte-
rial expression vector polylinker. To create pGST-NS1(16–275),
pGST-NS1 was PCR-amplified with a mutagenic forward
primer containing a BamHI restriction site at MVM nu-
cleotide position 306 and a wild-type reverse primer
spanning the EcoRI site at MVM nucleotide position
1086. The resultant PCR product was restricted with
BamHI and EcoRI, gel-purified, and ligated in-frame with
GST into compatible cohesive ends of the bacterial ex-
pression vector pGEX2TK (Pharmacia Biotech).
Internal deletion of NS1. To construct pGST-NS1(D76–96),
an SacI and a BstEII restriction site were first introduced
into MVM genomic sequences at nucleotides 490 and
550, respectively, via M13 mutagenesis (creating pMVM
S9-B9). The BstEII site at MVM nucleotide position 1886
was destroyed by partial restriction digestion and religa-
tion (creating pMVM S9-B9-BstEII), and NS1 amino acids
76–96 were deleted in-frame by digestion with BstEII,
end-filling with DNA polymerase, digestion with SacI,
mung bean exonuclease treatment, and religation (to
create pMVM DS9-B9-BstEII). An oligonucleotide contain-
ing translation termination signals in all three reading
frames was introduced at MVM nucleotide position 1086
(generating pMVM DS9-B9 1 T2), and a restriction frag-
ment of this clone from MVM nucleotide 385 (EcoRV) to
2072 (XhoI) was subcloned into pGST-NS1.
pEuk-GST-NS1. The NS1 coding sequence from nucle-
otides 260–3450 was excised from pGST-NS1 and
FIG. 3. E. coli- and baculovirus-generated GST-NS1 molecules ex-
hibit similar apparent equilibrium binding constants (KD), whereas E.
coli-derived GST-NS1(16–275) (GST-NS1bd) binds with significantly lower
affinity. GST pull-down assays were performed with increasing molar
concentrations of NS1 (x axis) and 40 ng of binding substrate DNA [40
fmol of (ACCA)2–3-containing DNA fragments] and analyzed by filter
binding assay as described under Materials and Methods. Fraction of
total DNA bound (y axis) represents the percent of (ACCA)2–3-contain-
ing input DNA bound for each NS1 concentration divided by the max-
imal percent bound for that curve. Maximal percent bound for each
GST-NS1 fusion was $100%, 40%, and 20% of total input for baculovirus
GST-NS1 and E. coli GST-NS1 and GST-NS1(16–275) (GST-NS1bd), re-
spectively. As described under Materials and Methods, these values
reflect the approximate percentage of active NS1 molecules for each
protein preparation. Data points are the average of at least three
binding reactions, and curves were generated based on equations
described under Materials and Methods. Apparent equilibrium binding
constants (KD) were derived from the active NS1 concentration at
one-half maximal DNA bound.
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cloned in-frame into pAcGHLT-B (PharMingen, San Di-
ego, CA), which yielded a GST-NS1 fusion construct in
the baculovirus transfer vector that lacked a 54-amino-
acid linker region between the GST moiety and the
polylinker. Recombinant baculovirus expressing GST-
NS1 was generated according to the supplier’s protocol.
All NS1 fusion constructs were sequenced across re-
striction junctions, and mutation sites and fusion pro-
teins were assayed for correct relative molecular weight
by SDS–PAGE and Coomassie brilliant blue staining.
Recombinant protein generation
E. coli GST-NS1 fusion proteins. E. coli GST-NS1 fusion
proteins were generated essentially as described previ-
ously (Lorson et al., 1996) with the following modifica-
tions. GST-NS1 expression constructs were transformed
into E. coli BL21 Lys S competent cells and cultured in 5
ml of Luria–Bertani (LB) medium for 8 h at 37°C. LB (250
ml) was spiked with 5 ml of outgrowth culture and al-
lowed to grow 14–18 h at 37°C. An additional 250 ml of
LB was added, and the culture was grown at 30°C for
3 h. Fusion protein synthesis was induced by the addi-
tion of 0.2 mM isopropyl-b-D-thiogalactopyranoside and
allowed to incubate with moderate shaking at 30°C for
3 h. Cells were pelleted and resuspended in 10 ml of
lysis buffer A (50 mM HEPES, 250 mM NaCl, 1% Nonidet-
P40), freeze-thawed in liquid nitrogen and 37°C water
bath three times, and lysed by sonication at 4°C. Sam-
ples were spun at 12,000 g for 30 min, and the superna-
tant was stored in 1-ml aliquots at 280°C.
GST-NS1 expressing baculovirus propagation. High
Five cells (5 3 106; InVitrogen, Carlsbad, CA) were
seeded onto 25-cm2 tissue culture flasks in Ex-Cell 401
medium plus 10% fetal calf serum (JRH Scientific, Lenexa,
KS) and infected with recombinant GST-NS1 expressing
baculovirus at an m.o.i. of 10. Cells were harvested 52 h
postinfection and lysed by freeze–thaw (three times) and
sonication in 10 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.5% NaOAc, 5 mM MgCl2, 1 mM
DTT, 0.25 mg/ml Pefabloc, 0.5 mg/ml leupeptin, and 0.5
mg/ml aprotinin (Boehringer-Mannheim, Indianapolis,
IN). Cellular debris was removed by centrifugation, and
the supernatant was stored in 1-ml aliquots at 280°C.
Purification of GST-NS1 fusion proteins from cellular
lysates. After thawing on ice, fusion proteins were puri-
fied from lysate aliquots by incubation with glutathione-
linked agarose beads (Sigma Chemical Co., St. Louis,
MO) at 4°C for ;1 h. Beads were pelleted and washed
three times in bacterial lysis buffer A for 30 min at 4°C.
Protein integrity and concentration were established via
Coomassie brilliant blue staining using phosphorylase B
as a concentration and size reference. DNA-binding ac-
tivity of the fusion proteins was estimated as a percent-
age of input DNA bound while in protein excess.
DNA binding assays
Bead-associated GST-NS1 was standardized for con-
centration and purity by SDS–PAGE, and Coomassie
staining and equivalent amounts were used in GST pull-
down and filter binding assays. Double-strand DNA bind-
ing substrate was generated by restriction digestion of
pUC19DH/S (MVM nucleotides 1854–2378 with nucleo-
tides 2178–2270 deleted, in pUC19; Gersappe and Pintel,
unpublished observations) with KasI, EcoRI, XhoI, and
HindIII, yielding the plasmid backbone and four frag-
ments designated A–D in the text. Fragments A and D
(MVM nucleotides 1854–2072 and 2290–2378, respec-
tively) contain canonical (ACCA)2–3 NS1 binding sites in
the TAR (A) and small intron (D), whereas fragments B
and C (MVM nucleotides 2072–2290 with a 92-nucleotide
internal deletion and vector sequences, respectively) do
not. The DNA was end-filled with [a-32P]dATP and Kle-
now fragment (New England BioLabs, Beverly, MA). Sin-
gle-strand substrate DNA was generated by end-labeling
;100 pmol of 60 nucleotide oligodeoxynucleotides cor-
responding to either top- or bottom-strand MVM nucleo-
tides 1840–1899 with T4 polynucleotide kinase (New
England BioLabs) and 50 mCi of [g-32P]dATP in the pres-
ence of 70 mM glycine (7.5), 10 mM MgCl2, and 5 mM
DTT at 37°C for 1 h. Labeled single-strand oligode-
oxynucleotides containing nucleotide substitutions to
disrupt the canonical (ACCA) motifs of the TAR (G3 A at
position 1870, 1871, and 1874; T 3 C at position 1876)
were also generated, as well as homologous bottom-
strand substitutions. A heterologous single-strand oli-
godeoxynucleotide containing 3 Gal 4 DNA binding sites
was also end-labeled for use. Single-strand substrate
RNAs were generated by SP6 polymerase, heat dena-
tured at 100°C for 10 min, and quick-cooled on ice to
minimize any potential secondary structure. These RNAs
hybridized with MVM mRNA were used as duplexed
substrate RNAs. RNA binding sequence specificity was
examined using the MVM RNA from nucleotides 1854–
2378, which contains numerous (ACCA)2–3 motifs, and an
RNA from the bovine growth hormone gene, which con-
tains none (Lorson et al., 1996).
GST pull-down assays
Unless otherwise noted, 1 mg of GST-NS1 was in-
cubated with 40 ng of substrate DNA (;1:100–200
molar ratio of protein to bindable DNA) in binding
buffer A containing poly(dI/dC) (described by Lorson et
al., 1996) for 30 min at 4°C. Single-strand nucleic acids
were boiled and quick-cooled on ice to minimize any
secondary structure before being added to binding
reactions. Samples to be analyzed by autoradiography
were spun to sediment bead–GST-NS1–DNA com-
plexes and were washed three times in binding buffer
containing the concentration of NaCl indicated. DNA
binding samples were resuspended in binding buffer
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and 103 Tris–borate–EDTA (TBE) loading dye, incu-
bated at 60°C for 10 min, and separated by 6% TBE–
PAGE. RNA binding samples were resuspended in
binding buffer and formamide-containing loading dye
and separated by 8% urea–PAGE. Samples to be ana-
lyzed by filter binding assay were loaded directly onto
25-mm 0.45-mm MicronSep cellulosic filters (MSI,
Westboro, MA) on a vacuum manifold and washed
three times with 4 ml of binding buffer A lacking
nonspecific competitor DNA. Control binding reactions
with no input protein were assayed and exhibited
undetectable background radioactivity retained on the
filters. Assays using 35S-methionine-labeled in vitro
generated NS1 demonstrated that .90% of NS1 mol-
ecules were retained on the filters. Determination of
true KD values requires knowledge of the stoichiome-
try of NS1 and cognate (ACCA) binding sites in the
nucleoprotein complexes. Although NS1 likely needs
to oligomerize to bind DNA, in the absence of this
information, and because reactions were performed
with GST-NS1 attached to agarose beads, a stoichi-
ometry of 1:1 was assumed for derivation of these
relative equilibrium binding constants. Apparent KD
was calculated as the molar concentration of active
NS1 at one-half maximal DNA binding. The equation
used to plot the curves in Fig. 3 is Y 5 N*K*X/(1 1
K*X), where N is the concentration of binding sites, K
is the association constant (1/molar concentration of
NS1), and Y is percent total DNA bound. N and K were
varied to achieve the best curve fit agreement be-
tween Y (calculated) and Y (observed). To place all
three data sets on the same Y axis, data were plotted
as fractional saturation [i.e., Y (observed)/N] versus
concentration of active NS1.
ACKNOWLEDGMENTS
This work was supported by PHS Grant ROI-AI21302 and by the
University of Missouri Research Board. We thank James Pearson of our
laboratory for the original GST-NS1 construct and Lisa Burger for
excellent technical assistance. We are particularly indebeted to Mike
Henzl for help with analysis of DNA binding kinetics.
REFERENCES
Bodnar, J. W. (1988). Sequence organization in regulatory regions of
DNA of minute virus of mice. Virus Genes 2, 167–182.
Christensen, J., Cotmore, S. F., and Tattersall, P. (1995). Minute virus of
mice transcriptional activator protein NS1 binds directly to the trans-
activation region (tar) of the viral P38 promoter in a strictly ATP-
dependent manner. J. Virol. 69, 5422–5430.
Cotmore, S. F., Christensen, J., Nu¨esch, J. P. F., and Tattersall, P. (1995).
The NS1 polypeptide of the murine parvovirus Minute virus of mice
binds to DNA sequences containing the motif [ACCA]. J. Virol. 69,
1652–1660.
Cotmore, S. F., Nu¨esch, J. P. F., and Tattersall, P. (1992). In vitro
excision and replication of 59 telomeres of minute virus of mice
DNA from cloned palindromic concatemer junctions. Virology 190,
365–377.
Cotmore, S. F., Nu¨esch, J. P. F., and Tattersall, P. (1993). Asymmetric
resolution of a parvovirus palindrome in vitro. J. Virol. 67, 1579–1589.
Cotmore, S. F., and Tattersall, P. (1987). The autonomously replicating
parvoviruses of vertebrates. Adv. Virus Res. 33, 91–174.
Cotmore, S. F., and Tattersall, P. (1992). In vivo resolution of circular
plasmids containing concatemer junction fragments from minute
virus of mice DNA and their subsequent replication as linear mole-
cules. J. Virol. 66, 420–431.
Cotmore, S. F., and Tattersall, P. (1995). DNA replication in the autono-
mous parvoviruses. Semin. Virol. 6, 271–281.
Cziepluch, C., Kordes, E., Poirey, R., Grewenig, A., Rommelaere, J., and
Jauniaux, J. C. (1998). Identification of a novel cellular TPR-containing
protein, SGT, that interacts with the nonstructural protein NS1 of
parvovirus H-1. J. Virol. 72, 4149–4156.
Dettwiler, S., Corbau, R., Rommelaere, J., and Nu¨esch, J. P. F. (1997).
Replicative functions of MVM NS1 are regulated by members of the
protein kinase C family. INSERM 2, 3. Abstract.
Imbalzano, A. N., Zaret, K. S., and Kingston, R. E. (1994). Transcription
factor (TF) IIB and TFIIA can independently increase the affinity of the
TATA-binding protein for DNA. J. Biol. Chem. 269, 8280–8286.
Ji, X., Zhang, P., Armstrong, R. N., and Gilliland, G. L. (1992). The
three-dimensional structure of a glutathione S-transferase from the
mu gene class. Structural analysis of the binary complex of isoen-
zyme 3–3 and glutathione at 2.2-A resolution. Biochemistry 31,
10169–10184.
Jindal, H. R., Young, C. B., Wilson, D. M., Tam, P., and Astell, C. R. (1994).
Mutations in the NTP binding motif of minute virus of mice (MVM)
NS1 protein uncouple ATPase and DNA helicase functions. J. Biol.
Chem. 269, 3283–3289.
Joo, W. S., Luo, X., Denis, D., Kim, H. Y., Rainey, G. J., Jones, C.,
Sreekumar, K. R., and Bullock, P. A. (1997). Purification of the simian
virus 40 (SV40) T antigen DNA-binding domain and characterization
of its interactions with the SV40 origin. J. Virol. 71, 3972–3985.
Kim, J. G., Takeda, Y., Matthews, B. W., and Anderson, W. F. (1987).
Kinetic studies on Cro repressor-operator DNA interaction. J. Mol.
Biol. 196, 149–158.
Krady, J. K., and Ward, D. C. (1995). Transcriptional activation by the
parvoviral nonstructural protein NS-1 is mediated via a direct inter-
action with Sp1. Mol. Cell. Biol. 15, 524–533.
Lim, K., Ho, J. X., Keeling, K., Gilliland, G. L., Ji, X., Ru¨ker, F., and Carter,
D. C. (1994). Three-dimensional structure of Schistosoma japonicum
glutathione S-transferase fused with a six-amino acid conserved
neutralizing epitope of gp41 from HIV. Prot. Sci. 3, 2233–2244.
Lorimer, H. E., Wang, E. H., and Prives, C. (1991). The DNA-binding
properties of polyomavirus large T antigen are altered by ATP and
other nucleotides. J. Virol. 65, 687–699.
Lorson, C., Burger, L. R., Mouw, M., and Pintel, D. J. (1996). Efficient
transactivation of the minute virus of mice P38 promoter requires
upstream binding of NS1. J. Virol. 70, 834–842.
Lorson, C., Pearson, J., Burger, L., and Pintel, D. J. (1998). An SP1-
binding site and TATA element are sufficient to support full transac-
tivation by proximally bound NS1 protein of minute virus of mice.
Virology 240, 326–337.
Nu¨esch, J. P., Cotmore, S. F., and Tattersall, P. (1995). Sequence motifs
in the replicator protein of parvovirus MVM essential for nicking and
covalent attachment to the viral origin: identification of the linking
tyrosine. Virology 209, 122–135.
Nu¨esch, J. P., and Tattersall, P. (1993). Nuclear targeting of the parvo-
viral replicator molecule NS1: evidence for self-association prior to
nuclear transport. Virology 196, 637–651.
Nu¨esch, J. P. F., Cotmore, S. F., and Tattersall, P. (1992). Expression of
functional parvoviral NS1 from recombinant vaccinia virus: effects of
mutations in the nucleotide-binding motif. Virology 191, 406–416.
Pepinsky, R. B., Prakash, S. S., Corina, K., Grossel, M. J., Barsoum, J.,
and Androphy, E. J. (1997). Sequences flanking the core DNA-binding
domain of bovine papillomavirus type 1 E2 contribute to DNA-binding
function. J. Virol. 71, 828–831.
130 MOUW AND PINTEL
Pujol, A., Deleu, L., Nu¨esch, J. P., Cziepluch, C., Jauniaux, J. C., and
Rommelaere, J. (1997). Inhibition of parvovirus minute virus of mice
replication by a peptide involved in the oligomerization of nonstruc-
tural protein NS1. J. Virol. 71, 7393–7403.
Smith, R. H., Spano, A. J., and Kotin, R. M. (1997). The Rep78 gene
product of adeno-associated virus (AAV) self-associates to form a
hexameric complex in the presence of AAV ori sequences. J. Virol. 71,
4461–4471.
Vanacker, J.-M., and Rommelaere, J. (1995). Non-structural proteins of
autonomous parvoviruses: from cellular effects to molecular mech-
anisms. Semin. Virol. 6, 291–297.
Weitzman, M. D., Kyo¨stio¨, S. R. M., Carter, B. J., and Owens, R. A. (1996).
Interaction of wild-type and mutant adeno-associated virus (AAV)
Rep proteins on AAV hairpin DNA. J. Virol. 70, 2440–2448.
Wilson, G. M., Jindal, H. K., Yeung, D. E., Chen, W., and Astell, C. R.
(1991). Expression of minute virus of mice major nonstructural pro-
tein in insect cells: purification and identification of ATPase and
helicase activities. Virology 185, 90–98.
131NS1 MINIMAL DNA BINDING DOMAIN
